Abstract A brief overview of methane dehydroaromatisation over MoO 3 /H-ZSM-5 derived catalysts, the deposition of carbonaceous residues from methanol over H-mordenite and the role of binders in zeolite catalysed reactions is presented. The selective poisoning of methane cracking catalysts is proposed as a potential strategy for the development of methane dehydroaromatisation catalysts. In the case of methanol conversion over H-mordenite, evidence is presented for the formation of larger alkylated aromatics, such as methylnaphthalenes. Binders, ubiquitous components of technical catalysts, have been documented to have a number of important effects often outweighing laboratory based modifications, and therefore, consideration of their effects should be made at an early stage of catalyst development.
Introduction
Zeolites are widely applied in heterogeneous catalysis [1] . In addition to the advantages offered through reactant, product or transition state selectivity, they are versatile and durable catalysts which can function as acid catalysts in their own right where the nature and strength of acid sites can be carefully tuned through, for example, pretreatment and control of their Si/Al ratio. They also find application as supports for active catalytic phases where their regular and highly defined pore structure can be used to control dispersion and their acidity can lend bifunctional behaviour to reactions of interest. In this brief overview, examples of the application of zeolites as active components of heterogeneous catalysts for the conversion of a selected range of small molecules-methane and methanol-will be outlined. In the case of methane, catalysts generated from MoO 3 /H-ZSM-5 will be described, whereas for methanol conversion, the nature of the carbonaceous deposits generated over mordenite will be considered. Finally, consideration will be directed towards the role of binders in zeolite catalysed reactions, which while of vital importance in the development and application of technical catalysts for commercial application, is an aspect seldom considered in academic studies although recently there has been a greater awareness of its importance.
Dehydroaromatisation of methane
Methane, which is the major component of natural gas, is the most inert alkane. There has been interest in its conversion into products which are more valuable and/or more easily transportable [2] . In general, it is an indirect feedstock for the production of various target products through its conversion to syn gas by steam reforming and associated technologies. The possibility of syn gas generation via the reaction of methane directly with CO 2 , the so-called dry reforming reaction is also of interest based upon the desirability of co-reacting two greenhouse gases [3] . For a great number of years, the possibility of more direct conversion routes from methane has attracted interest and the development of catalysts exhibiting appropriate productivity and lifetime has been a major goal. Oxidative coupling, wherein higher hydrocarbons (specifically ethylene) are generated has been strongly targeted [4] , as has direct partial oxidation to yield methanol or formaldehyde in a single step [5] . More recently, dehydroaromatisation has been the subject of some attention [6, 7] . This reaction which can be summarised by the following stoichiometric equation:
can be facilitated by catalysts derived from MoO 3 /H-ZSM-5 or MoO 3 /H-MCM-22. At 700°C, which is a typical reaction temperature employed, methane conversion is limited to ca. 11 % and the reaction is generally operated at low space velocity. It is generally accepted that the MoO 3 component is transformed into molybdenum carbide or oxycarbide clusters upon reaction [8, 9] and that these may be dispersed within the zeolite pore structure, with the medium pore zeolites ZSM-5 and MCM-22 being most effective in terms of catalytic performance. The most widely accepted mechanism is based upon initial dehydrogenative coupling of methane to form ethylene as a primary product which often forms part of the reaction product stream, and subsequent acid catalysed conversion of ethylene to the aromatic product [10] . In terms of such a mechanism, it might be imagined that the former step is more closely associated with the carbide/ oxycarbide component with parallels often being drawn between the catalytic behaviour of molybdenum carbide and precious metals although these might be overstated [11] and the latter step the zeolite component.
A number of studies have evidenced the migration of the MoO 3 component into the zeolite pore structure. For example, the Mo/Si ratios determined by XPS in elucidating the possible dispersion of molybdenum nitride clusters within H-ZSM-5 from MoO 3 /H-ZSM-5 suggest redistribution of the Mo species upon nitridation [12, 13] . In situ FTIR studies following thermal activation of MoO 3 / H-ZSM-5 evidence loss of OH features at 3733, 3613 and 3440 cm -1 corresponding to terminal OHs, bridging OHs and hydroxyl nests, respectively [13] . Figure 1 presents an in situ FTIR study of the activation of MoO 3 /H-ZSM-5 in vacuo as detailed elsewhere [13] . The insets show the rates of loss of the 3613 and 3440 cm -1 bands as a function of temperature. Upon high temperature activation, the only OH groups still present correspond to those with bands at 3744 and 3610 cm -1 . It is known that excessive heat treatment can have deleterious effects upon catalytic performance through dealumination of the zeolite framework and the formation of aluminium molybdate which can be identified in 27 Al MAS NMR studies as evidenced by bands at -14 and/or ?14 ppm (corresponding to anhydrous and hydrated aluminium molybdate, respectively [14] ). Indeed, the molybdenum species perturb the local environment of the Al in the framework as has been demonstrated by the application of Al EXAFS [15] . Table 1 presents the results of Al XAS studies upon activated MoO 3 /H-ZSM-5 for which 27 Al MAS NMR shows the presence of only a small amount of extraframework Al. From this data, it can be seen that there are a distribution of Al distances which is consistent with other studies [16] . Furthermore, the long Al-O distance (1.89 Å ) is significantly shorter than it has been found to be (1.98 Å ) in the studies of H-ZSM-5 [16] . As discussed elsewhere, there have been correlations made between the ''long'' Al-O bond length and acid site strength for H-ZSM-5 [16] . Interestingly, NH 3 TPD undertaken on activated MoO 3 /H-ZSM-5 suggests a reduction in acid site strength as compared to the parent H-ZSM-5 as shown in Fig. 2 , where a ca. 50°C reduction of the temperature maximum of the high temperature desorption feature corresponding to the interaction of NH 3 with the Bronsted acid sites is evident (the two lower temperature features corresponding to weakly adsorbed NH 3 and that interacting with silanol groups) [15] . Figure 3 presents the difference FTIR spectrum of the adsorbed NH 3 over the activated MoO 3 /H-ZSM-5, where the loss of the ca 3600 cm -1 feature and the growth of the 1460 cm -1 feature corresponds to the consumption of bridging OHs and the formation of NH 4 ? species, respectively. Figure 4 presents a typical reaction profile showing the benzene formation rate for activated MoO 3 /H-ZSM-5 exposed to methane at 700°C in which the initial activation is evident during which transformation of the molybdenum species occurs followed by gradual deactivation [17] . Within the literature, a number of studies have sought to improve catalyst performance and retard catalyst deactivation by the inclusion of low levels of dopants (such as Fe and Co [18] ) or gas-phase additives (such as CO or CO 2 [19] .) Whilst C 6 H 6 is the major aromatic product, higher aromatics have been reported to be formed, albeit in much lower concentration [20] . As mentioned above, ethylene is frequently observed as a component of the product stream. Although some studies have done so, it is perhaps very surprising that so little attention has been given to the production of hydrogen, especially when it is considered that it is the major stoichiometric product of reaction. Its formation rate is also included in Figs. 4 and 5 presents the H 2 :C 6 H 6 formation rate ratio corresponding to this data. It can be seen that the ratio significantly exceeds the value of 9 which would be expected on the basis of totally selective conversion. This is indicative of side product formation and a significant part of this discrepancy can be attributed to non-selective c racking of methane:
XPS analysis of spent catalysts evidences a range of carbonaceous species-carbidic, hydrogen poor sp type carbon associated with catalyst deactivation present upon the external catalyst surface and graphitic [21] . In terms of the latter components, it is interesting to note that TEM studies as shown in Fig. 6 have demonstrated that some of the coke should be attributed to carbon nanotubes [22] .
The above discussion briefly summarises some of the aspects of importance for the MoO 3 /H-ZSM-5 methane dehydroaromatisation catalyst system. Whilst alternative active catalysts are known, such as Fe and Re containing zeolitic systems; and strategies, such as the application of membrane technology, catalyst doping and modified catalyst preparation routes can be used to improve performance, further improvements in methane dehydroaromatisation are necessary. Taken together, the observations in the preceding paragraph can lead to the non-conventional view that the MoO 3 /H-ZSM-5 derived catalyst is a poorly active catalyst for methane cracking with the gas-phase aromatic content corresponding to ''gasphase coke'' which has failed to condense as in the case of a more active methane cracking catalyst, or alternatively it could be unconventionally considered a longer lifetime methane cracking catalyst where loss of (potential) deactivating coking residue through the gas-phase can lead to catalysts of longer lifetime. Figure 7 , taken from Ref. [23] , shows thermodynamic data for both processes. Furthermore, upon comparing the observed hydrogen formation rates between dehydroaromatisation and cracking that for 3 wt%MoO 3 /H-ZSM-5 (which undergoes a mixture of dehydroaromatisation and coking) attains ca 8 9 10 -7 mol g -1 s -1 compared to ca 50 9 10 -7 mol g -1 s -1 for methane cracking over 3 wt% Pd/H-ZSM-5 at 700°C under directly comparable conditions [22] .
With the above aspects in mind, it may be the case that a better strategy for the development of more highly methane dehydroaromatisation catalysts is, rather than attempting to promote the comparatively low activity MoO 3 /H-ZSM-5 system, selective poisoning/modification of highly active methane cracking catalysts.
Methanol to hydrocarbons
In recent years, there has been renewed interest in the catalytic conversion of methanol to hydrocarbons. Various zeolites and zeotypes are known to be active for this reaction. Arguably, SAPO-34 is of most interest when the target products are lower olefins (MTO-an interesting alternative to energy intensive steam cracking routes) and H-ZSM-5 for gasoline range hydrocarbons (MTH) [24, 25] . The so-called hydrocarbon pool mechanism, wherein an active hydrocarbonaceous pool is the source of activity, has gained widespread acceptance in this reaction [25] [26] [27] . As reviewed in detail elsewhere, the exact nature of the hydrocarbon pool and its formation is under refinement and it may depend upon the nature of framework with larger hydrocarbonaceous species occurring in the case of larger pore zeolites and zeotypes. The temperature at which reaction selectivity is switched between the simple dehydration product, dimethyl ether, and hydrocarbons is a strong function of Si/Al ratio and reflects the temperature at which the active pool is formed. Historically, MTH was operated in New Zealand at the scale of 600,000 tonnes per year, but the process was discontinued-the temperature of operation was ca. 400°C [24] . MTO is also operated on a commercial scale. The development of carbonaceous residues from the reaction of methanol over mordenite has been investigated [28] .
When reacted for 5 h at 300 and 500°C, respectively, the nature of the carbonaceous deposit was found to differ. In the case of the sample generated at 500°C, the carbonaceous residue was harder as evidenced by the temperature programmed oxidation and 13 C MAS NMR studies. In the case of the sample generated at 300°C, there were additional features present in both the temperature programmed oxidation profile and also in the 13 C MAS NMR spectrum (where in addition to the aromatic feature(s) at ca. 130 ppm seen in the 500°C sample, there are also resonances at ca. 60 ppm and below corresponding to alkyl species.) Thermal volatilisation analysis (TVA) initially developed for the study of polymer degradation [29] has proved most informative in this respect. In this technique, a sample is subjected to temperature programmed heating in vacuo and the condensable evolved gases are collected in a series of traps allowing detailed analysis to be undertaken. The TVA profile for the 300°C activated sample is shown in Fig. 8 and contrasts strongly with that Fig. 9 . TVA of the 300°C sample removed around 30 % of the retained carbon content (ca. 12 wt%) whereas only 9 % was removed in the case of the 500°C sample (containing ca. 18 wt% C). The rich product spectrum of the 300°C sample is readily evident although consideration must be given due to the possibility of secondary reactions occurring upon desorption. It is also apparent that some larger species, such as naphthalenes are present which possibly reflect the presence of 12 membered pores in mordenite. To the author's knowledge, this was the first time that TVA has been applied to the characterisation of carbonaceous residues on zeolites. Investigation of the influence of reaction time (Fig. 10) demonstrates the development of the hydrocarbon pool to occur at some point between 2 and 5 min upon stream under the conditions tested, as evidenced by the development of features associated with aromatic species at ca. 130 ppm. The precise route towards the development of the hydrocarbon pool is currently unclear.
The role of binders in zeolite catalysed reactions
Whilst to date there has only been limited attention to the effect of binders upon zeolite catalysed reactions in the academic literature, there is greater realisation of the often substantial effects that they can have [30] [31] [32] . Far from being inert, they can have very significant effects upon coking by, for example, trapping coke precursors. Similarly, they can also prolong catalyst lifetime by entrapment of poisons or modify activity via transfer of chemical species to and from the active phase. Additional potential effects may also relate to the modification of heat transfer or porosity characteristics or improvement of the physical durability of catalysts. A few selected examples of effects documented in the literature follow. In a study involving the application of a kaolinite binder, Misk and co-workers [33] demonstrated it to retard coking of zeolite 5A through entrapment of precursors in reactions involving propene. In terms of transfer of active species, Chang et al. reported that a-alumina hydrate binder significantly enhanced the performance of siliceous H-ZSM-5 for a number of reactions, including the conversion of methanol to hydrocarbons through transfer of aluminium species to the ZSM-5 followed by the framework incorporation [34] . Silicon transfer from a silica-alumina binder to LaY zeolite during steaming maintained crystallinity and provided healing during severe steaming [35] . The involvement of binder in the modification of porosity, and hence, product diffusion and secondary reaction has been documented with a series of bentonite bound Pd containing zeolites applied to the hydroisomerisation of n-octane [36] . It is becoming increasingly apparent that modifications made to improve the performance of zeolite catalysts on a laboratory scale may be more than outweighed by the effects of binders. Therefore, to be meaningful in a truly applied sense, and to prevent waste of effort, the influence of such modifications needs to be assessed on catalysts in the final form in which they would be used on a technical scale. The choice of binder will also dramatically influence such effects-with binders derived from clays, aluminas and silicas being amongst the most common (Fig. 10) .
Conclusion
In this brief overview, some aspects of methane dehydroaromatisation, the deposition of carbonaceous residues on mordenite and the application of binders have been very briefly considered. In the case of methane dehydroaromatisation, an alternative strategy to the development of better performing catalysts may involve the modification of highly active methane cracking catalysts. It is somewhat surprising that despite being the major stoichiometric product of reaction, so little attention seems to have been applied to the quantification of hydrogen. In the case of methanol activation over mordenite, the hydrocarbon pool is developed after only 2-5 min on stream at 300°C and may comprise some larger aromatic species such as naphthalenes which may be associated with the pore structure related to the 12 membered rings. Finally, a brief mention is made of the importance of consideration of the effects of binders in zeolite catalysed reactions which, rather than being inert components of technical catalysts, can exhibit the effects which override those resulting from laboratory scale strategies for improvement.
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